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ABSTRACT 
Entomopathogenic nematodes in the genus Steinernema are 
promising biological control agents of soil insect pests. Two 
factors which may influence efficacy of biological control 
applications are virulence and dispersal of nematodes. This 
research examined the influence of fertilizers on the 
virulence of nematodes and the effects of earthworm presence 
on nematode dispersal. 
The virulence of Steinernema carpocapsae (Weiser) was 
determined in soil amended with fertilizer treatments of fresh 
cow manure, composted manure, and urea. Urea and fresh manure 
reduced nematode virulence in laboratory experiments. Field 
experiments, however, only indicated reduced nematode 
virulence in soil amended with fresh manure. Soil amended 
with composted manure did not affect nematode virulence. 
The effects of fertilizers on the ability of S. carpocapsae 
to control the black cutworm, Aarotis ipsilon (Hufnagel), were 
determined in a corn ecosystem. Fertilizer treatments 
included fresh cow manure, composted manure, and urea. Except 
in soil amended with high rates of fresh manure, nematode 
applications resulted in reduced cutworm damage relative to a 
control (no nematodes or fertilizers added). Analysis of 
black cutworm damage may be an efficient method to study 
effects of other biotic and abiotic factors on the efficacy of 
vi 
entomopathogenic nematodes in biological control. 
Vertical dispersal of S. carpocapsae, S. feltiae (Filipjev), 
and S. glaseri (Steiner) was determined in the presence and 
absence of the earthworm Lumbricus terrestris (L.). Nematode 
dispersal was evaluated through a bioassay and through direct 
extraction of nematodes from soil. Dispersal of S. 
carpocapsae and S. feltiae was increased in the presence of 
earthworms. Dispersal of S. glaseri was reduced in the 
presence of earthworms relative to absence of earthworms. The 
differences in effects of earthworms among nematode species 
may have been due to interspecific differences in dispersal 
behavior. In soil void of earthworms, dispersal of S. glaseri 
was greatest followed by dispersal of S. carpocapsae and then 
S. feltiae. The presence of earthworm burrows did not affect 
nematode dispersal. Therefore a phoretic relationship between 
the earthworms and nematodes is likely. 
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CHAPTER 1: INTRODUCTION 
The reduction of chemical use in agriculture is desirable. 
Agriculture is the primary non-point source of water pollution 
(National Research Council 1989). Chemical insecticides can 
cause secondary pest outbreaks, the development of insect 
resistance, destroy natural enemies of insects, remain in 
food, feeds, and the environment, and create hazards for 
humans and the environment {Metcalf 1982). Annually, over 
500,000 human insecticide poisonings have been estimated to 
occur worldwide (Metcalf 1982). Conversely, biological 
control agents are generally not harmful to humans or the 
environment (Debach and Rosen 1991). Development of resistance 
to biological control agents is extremely rare and hazards to 
non-target organisms are minimal or non-existent (Debach and 
Rosen 1991). Biological control is a good alternative to 
chemical use in agriculture (Luna and House 1990). 
Entomopathogenic nematodes in the genus Steinernema have 
excellent potential as biological control agents (Gaugler 
1981) and are commercially available. The use of 
entomopathogenic nematodes should reduce the need for the use 
of chemical insecticides. S. carpocapsae can infect over 250 
species of insects (Poinar 1979) including important corn 
pests such as the black cutworm, Agrotis ipsilon (Hufnagel) 
(Capinera et al. 1988) and the corn rootworm, Diabrotica spp. 
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(Jackson and Brooks 1989) . 
Successful biological control applications with Steinernema 
spp. may be hindered by reduced survival or limited dispersal 
of nematodes (Kaya 1990). These hindrances must be overcome 
so that nematodes may be applied effectively to a wide array 
of habitats. Consequently, the objectives of this research 
were to study the dispersal and survival of entomopathogenic 
nematodes. 
The limited capacity of nematodes to disperse in their 
habitat has been cited as a hinderance to the success of 
certain biological control applications (Georgis et al. 1987, 
Lewis and Raun 1978, Reed and Carne 1967). Mechanisms which 
will increase nematode dispersal, and thus increase the 
efficacy of nematodes in biological control, must be explored. 
Because certain biotic agents may act as phoretic hosts of 
nematodes (Kaya 1990), these biotic agents have potential to 
enhance nematode dispersal. This study has investigated the 
potential of earthworms to enhance nematode dispersal. 
Abiotic factors also influence nematodes, e.g. nitrogen 
compounds reduce nematode survival (Rodriguez-Kabana 1986). 
Therefore fertilizers have been suggested as a control 
mechanism for plant parasitic nematodes (Rodriguez-Kabana 
1986). Fertilizers may, however, have detrimental effects on 
entomopathogenic nematodes thereby reducing their efficacy in 
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biological control. If entomopathogenic nematodes are to be 
considered a viable pest management alternative in habitats 
where fertilizers are applied (such as a corn ecosystem), then 
it will be important to determine the relative effects of 
different fertilizers on these nematodes. 
Although this study has targeted black cutworm in a corn 
ecosystem, information concerning nematode survival and 
dispersal may be applicable to other pests and other systems. 
Specific objectives were: 
1. To determine the effects of different fertilizers on the 
survival of S. carpocapsae. (Chapter 2). 
2. To determine the effects of different fertilizers on the 
ability of S. carpocapsae to suppress the black cutworm, 
Agrotis ipsilon. (Chapter 3) . 
3. To determine the effects of earthworms on dispersal of 
Steinernema spp. (Chapters 4 and 5). 
Dissertation Organization 
This thesis is organized into four manuscripts. They are 
written according to the following journal styles and 
specifications: 
Chapter 2 - Applied Soil Ecology 
Chapter 3 - Environmental Entomology 
Chapter 4 - Journal of Hematology 
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Chapter 5 - Journal of Nematology 
The papers are preceded by a general literature review and 
followed by a conclusions section, literature cited (for the 
introduction, literature review, and summary sections), and 
acknowledgements. 
Literature Review 
Black cutworm 
The black cutworm, Agrctis ipsilon (Hufnagel) (Lepidoptera: 
Noctuidae), is a pest of seedling corn in Iowa and other Corn 
Belt states (Engelken et al. 1990). Economic damage results 
from severing of young corn seedlings (Foster and Stockdale 
1984) . Early instars feed on the leaves of corn or weeds 
until the fourth instar when they may begin to cut plants at 
the base (Showers et al. 1983). Younger plants are more 
susceptible to cutting; most damage occurs betvjeen coleoptile 
and collar stages (Story et al. 1983) . There are three 
generations per year in Iowa but only the first generation of 
the black cutworm is economically important (Foster and 
Stockdale 1984). Black cutworms cause damage in southern Iowa 
approximately once every five, years and rarely in northern 
Iowa (Holscher et al. 1993). 
The black cutworm is a migratory pest that arrives and 
oviposits in northern states in April and May and returns to 
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the south in the fall (Raster and Showers 1982; Showers et al. 
1993). Northerly migrations of black cutworms were confirmed 
using mark and recapture technique (Showers et al. 1989). 
Individuals were released in Texas and Louisiana and 
recaptured in Missouri, Kansas, and Iowa. Mark and recapture 
methods have also confirmed southward migration during late 
summer and autumn (Showers et al. 1993). 
The black cutworm is attracted to fields with weeds, plant 
residue, and low areas with poor drainage (Kolscher et al. 
1993). Black cutworm develop better on weeds than on corn 
(Busching and Turpin 1977). Black cutworms will consume the 
following hosts in order of preference: bluegrass, wheat, 
lambsquarters, oats, soybeans, alfalfa, pigweed, corn, and 
velvetleaf (Busching and Turpin 1977) . 
Chemical rescue treatments continue to be the most used 
method of black cutworm control. In 1985 over 1 million acres 
were sprayed with chemical insecticides specifically for the 
black cutworm (Wintersteen and Hartzler 1987). Recommended 
rescue insecticides include Ambush®, Asana®, Lorsban®, and 
Pounce® (Rice and Wintersteen 1994). 
Specialty chemicals are being used for monitoring, and may 
have potential for control of the black cutworm. The sex 
pheromone of the black cutworm has been isolated and is now 
used extensively in the detection and sampling of cutworms 
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(Kaster and Showers 1984). In Iowa, at least 50 counties use 
pheromones to detect the black cutworm (Foster and Stockdale 
1984). Antimetabolites such as quassinoids and azadiractin 
are effective in reducing growth and feeding (Lidert et al. 
1987) but are not used commercially; possibly because they are 
not as inexpensive or effective as chemical insecticides. 
There have been several studies on plant resistance and the 
black cutworm. Organic compounds have been identified in corn 
that reduce the growth of black cutworms (Reese and Field 
1986) . The use of plant resistance in black cutworm control 
is unlikely in the near future, however, because resistance to 
cutting would be difficult to find (Tseng et al. 1984). 
Weed management, crop rotation, and tillage practices can 
affect the population densities of the black cutworm (Johnson 
et al. 1984). Because black cutworms prefer weeds to corn, 
the timing of weed removal can be crucial. If weeds are 
removed when corn is most susceptible to cutting, damage can 
be serious (Engelken et al. 1990). Black cutworm damage may 
be increased in corn that is grown in rotations (Johnson et 
al. 1984) or in no-till (Tonhasca and Stinner 1991). Brust et 
al. (1985) however, found corn grown in no-till rotations with 
soybeans to be less susceptible to black cutworm damage than 
corn-soybeans rotations in conventional tillage. 
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The black cutworm is attacked by various parasitoids and 
predators. Several parasitoids are infective against the 
black cutworm including the tachinid Bonnetia compta 
(Cossentine and Lewis 1986) and the braconid Microplitis sp. 
(Calvin and Poston 1981). Predators of the black cutworm 
include green lacewing larvae (Obrycki et al. 1989) and ground 
beetles (Brust et al. 1985). Predators, especially ground 
beetles, provide significant natural control of black cutworm 
populations (Brust et al. 1985). 
Entomopathogens from five groups (microsporidia, fungi, 
bacteria, viruses, and nematodes) are effective against black 
cutworms. The microsporidium Vairimo.rpha necatrix is 
pathogenic against black cutworms (Ignoffo and Garcia 1979). 
Fungi which infect black cutworm include Nomuraea rilevi and 
Metarhizium anisopliae (Ignoffo and Garcia 1979). Five 
strains of the bacterium Bacillus thuringiensis (Ignoffo and 
Garcia 1979) and several baculoviruses (Johnson and Lewis 
1982) are also pathogenic to black cutworm . Several 
entomopathogenic nematodes including Steinernema feltiae. S. 
carpocapsae. and Heterorhabditis bacteriophora can 
significantly reduce black cutwoirm populations (Capinera et 
al. 1988). Laboratory results indicated that S. carpocapsae 
(All strain) is the most virulent nematode against the black 
cutworm (Morris et al. 1990) . 
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Entomopathogenic nematodes 
Entomopathogenic nematodes have many advantages as 
biological control agents such as wide host ranges, easy 
storage, non-toxicity to mammals, and host seeking ability 
(Poinar 1990). Entomopathogenic nematodes in the families 
Steinernematidae and Heterorhabditidae are unique in that they 
carry symbiotic pathogenic bacteria (Xenorhabdus spp.), can 
kill insects relatively quickly (within 48 hours), have a 
durable infective stage, and can be applied with common 
application equipment (Poinar 1990). Methods of application 
include pressurized and electrostatic sprayers, mist blowers, 
drip irrigation, baits, and soil injection (Georgis 1990). 
Nematodes have been used effectively against numerous soil 
insects including the black vine weevil, Otiorhvnchus 
sulcatus. the Japanese beetle, Popillia iaTsonica. corn 
rootworms, Diabrotica spp., and the Colorado potato beetle, 
Lentinotarsa decemlineata. (Klein 1990). Nematodes can also 
provide control of foliar pests such as the fall armyworm, 
Spodoptera fruaiperda. imported cabbageworm, Pieris rapae. and 
beet armyworm, Spodoptera exioua. (Begley 1990). 
A generalized life cycle of Steinernema spp. is as follows: 
The nematodes enter an insect through natural openings (mouth, 
anus, or spiracles). Subsequently, bacteria are released from 
the nematode body and begin to feed and multiply within the 
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insect. The nematodes reproduce, consume the bacteria, and 
eventually exit the dead insect (Poinar 1979). 
Steinernema carpocapsae. family Steinernematidae, has 
received much attention from biological control researchers. 
Natural populations of S. carpocapsae have been isolated from 
many temperate regions such as Georgia, California, Russia, 
and France (Poinar 1990). There are many synonyms for S. 
carpocapsae such as S. dutkvi, Neoaplectana aariotos. and 
Neoaplectana feltiae (Poinar 1990). 
Moisture is the most important factor in the survival of 
entomopathogenic nematodes (Simons and Poinar 1973). Many 
nematodes can withstand extreme dehydration and may even 
display cryptobiosis (metabolic functions almost non-existent 
yet recoverable upon stimulus) as a response (Womersley 1990). 
If the rate of desiccation is not too rapid, however, the 
nematodes can experience a reduction of activity and 
persistence (Womersley 1990). 
Nitrogen compounds reduce nematode survivability (Simons 
1973). Inorganic and organic fertilizers have been 
investigated for their ability to suppress plant parasitic 
nematodes {Rodriguez-Kabana 19S6). Fertilizers may reduce 
nematode populations for several reasons: the fertilizers, or 
their decomposition products, may be directly toxic to 
nematodes, a resulting increase in biotic activity may result 
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in increased predation and parasitism on nematodes by microbes 
and mesofauna, or fertilizers may reduce nematode survival by 
altering the physical environment of the soil (Kaplan and Noe 
1993). Nematicidal activity seems to be inversely related to 
C:N ratios of the amendment, but effects may vary with 
nitrogen source, rate of application, and nematode species 
(Rodriguez-Kabana 1986). 
Research on the relative effects of different nitrogen 
sources on nematodes has been restricted to studies on plant 
parasitic nematodes. Generally, nitrites are more toxic than 
ammonia compounds, and nitrates are less toxic than ammonia 
compounds (Walker 1969). Survival of the plant parasitic 
nematode Platvlenchus penetrans was more reduced with an 
organic amendment (soybean meal) than with urea which had a 
delayed affect (Walker 1969). Simons (1973) compared the 
effects of synthetic fertilizer (NPK) and manure on the 
persistence of two plant parasitic nematodes, Rotvlenchus 
robustus and Tvlenchorhvnchus dubius. In dry soils, R. 
robustus survived slightly better in the synthetic fertilizer 
treatment whereas T. dubius persisted significantly longer in 
the manure treatment. Although organic matter has been shown 
to improve the persistence of S. carpocapsae (Ishibashi and 
Kondo 1986), there has been no research comparing the effects 
of different fertilizers on entomopathogenic nematodes. 
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Entomopathogenic nematodes such as S. carpocapsae may have 
very different reactions to fertilizers than plant parasitic 
nematodes due to their different biology and ecology. 
Dispersal is important to the effectiveness of nematodes in 
biological control (Kaya and Gaugler 1993). Generally, 
Steinernema spp. move very little from the site of application 
(Kaya 1990) . For example, after 48 h, 90% of the S. 
carpocapsae sprayed on a soil surface remained within one cm 
of the surface (Moyle and Kaya 1981). S. alaseri. however, is 
a relatively active seeker of hosts (Schroeder and Beavers 
1987) . Dispersal of S. carpocapsae increases in the presence 
of a host (Georgis and Poinar 1983) and is dependant on 
moisture (Wallace 1958). Steinernema spp. need relatively 
large voids between soil particles to move hence disperse 
easier in sandy soils than in soil with high clay content 
(Georgxs and Poinar 1983)• 
Small invertebrates eg. mites, have been reported to serve 
as dispersal agents for entomopathogenic nematodes (Epsky et 
al. 1988) . The dispersal of S. carpocapsae in vertical soil 
columns has been observed to increase in the presence of 
earthworms (Shapiro et al. 1993). Earthworms are not 
adversely affected by entomopathogenic nematodes (Capinera et 
al. 1982, Nuutinen et al. 1991). 
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Earthworms and organic amendments may have benefits to soil 
fertility. Earthworms improve soil by modification of soil 
structure, by aeration, and by decomposition and distribution 
of organic matter (Edwards 1983). Manure adds organic matter 
to the soil which improves soil quality by increasing 
granulation, water infiltration, nutrient content, soil 
bioactivity, and fertility and productivity (National Research 
Council 1989). Also the use of animal manure can decrease 
input cost of synthetic fertilizer. This is especially true 
in areas (like Iowa) where animal and crop production are in 
close proximity (National Research Council 1989). 
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CHAPTER 2: EFFECTS OF FERTILIZERS ON THE VIRULENCE OF 
STEINERNEMA CARPOCAPSAE^ 
A paper submitted to Applied Soil Ecology 
David I. Shapiro^, Gregory L. Tylka^, and Leslie C. 
Lewis^* 
ABSTRACT 
The effects of three fertilizer sources (fresh cow manure, 
composted manure, and urea) were determined on the virulence 
of Steinernema carpocapsae (Weiser) against the greater wax 
moth, Galleria mellonella (L.). Urea and fresh manure 
decreased nematode virulence in laboratory experiments. In 
field experiments, however, only the fresh manure treatment 
reduced nematode virulence. In both laboratory and field 
experiments, composted manure did not affect nematode 
virulence. Fertilizer effects on virulence of S. carpocapsae 
were more rapid in a soil with reduced organic matter than in 
^This is a joint contribution from the USDA, Agricultural 
Research Service, and Journal Paper No. J-15781 of the- Iowa 
Agricultural and Home Economics Experiment Station, Ames, 
Iowa. Project No. 3130. This article reports the results of 
research only. Mention of a proprietary product does not 
constitute an endorsement or a recommendation for its use by 
USDA. 
^Department of Entomology, Iowa State University, Ames, lA 
50011. 
^Department of Plant Pathology, Iowa State University, Ames, 
lA 50011. 
^SDA-ARS, Corn Insects Research Unit, Ames, lA 50011. 
To whom correspondence should be addressed. 
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a soil with higher levels of organic matter. Factors causing 
reduced nematode virulence are discussed. 
INTRODUCTION 
The use of biological control agents in insect suppression 
is desirable. Biological control agents, unlike chemical 
insecticides, have no adverse effects on humans and are not 
likely to harm other nontarget organisms, cause secondary pest 
outbreaks or insecticide resistance (Debach and Rosen 1991). 
Entomopathogenic nematodes in the genus Steinernema have 
excellent potential as biological control agents of soil 
insect pests (Gaugler 1981). Steinernema spp. have many 
promising attributes as biological control agents, including 
pathogenicity to a wide range of insect pests, exemption from 
government regulation, and a symbiotic relationship with a 
bacterium (Xenorhabdus spp.) which enables the nematodes to 
kill their hosts within 48 hours (Gaugler 1988). However, 
various environmental factors in soil may reduce nematode 
survival and thereby reduce the ability of entomopathogenic 
nematodes to suppress insect pests (Kaya 1990) . Therefore, 
specific factors that reduce the virulence of entomopathogenic 
nematodes in soil must be investigated (Gaugler 1988). 
The objective of this study was to determine the effects of 
different nitrogen sources on the virulence of Steinernema 
carpocapsae (Weiser) in soil. Because nitrogenous compounds 
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reduce nematode survival, fertilizers have been extensively-
researched as a control method for plant-parasitic nematodes 
(Muller and Gooch 1982; Rodriguez-Kabana 1986). Research on 
the effects of fertilizers on entomopathogenic nematodes, 
however, has been extremely limited (Ishibashi and Kondo 1986; 
Mullens et al. 1987), and no research has been conducted to 
compare effects of different fertilizers on entomopathogenic 
nematodes. Because of innate differences in biology and 
ecology between the two nematode trophic groups, fertilizers 
may affect entomopathogenic nematodes differently than plant-
parasitic nematodes. Differences in fertilizer effects on 
survival of plant-parasitic and non-parasitic nematodes have 
been observed (Linford et al. 1938; Rodriguez-Kabana 1986; 
Opperman et al. 1993). If entomopathogenic nematodes are to 
be applied in agricultural ecosystems where fertilizers are 
routinely used, then it is imperative that the influence of 
different nitrogen sources on these nematodes be determined. 
MATERIALS AND METHODS 
Experimental parameters 
The effects of fertilizers on the pathogenicity of S. 
carpocapsae were determined using three types of experiments: 
1. Investigation of acute effects of fertilizers on nematodes 
through determination of LCggS, 2. Investigation of chronic 
effects of fertilizers on nematodes through laboratory 
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experiments, and 3. Investigation of chronic effects of 
fertilizers on nematodes through field experiments. For 
simplicity, the three types of experiments will be referred to 
1. LCJQ experiments, 2. Laboratory experiments, and 3. Field 
experiments, respectively. All experiments contained seven 
treatments: two rates of fresh (less than 48 hours old) cow 
manure, composted manure, and urea, and an unfertilized 
control. Total (Kjeldahl) nitrogen was standardized among 
fertilizers to approximately 560 kg/ha and 280 kg/ha. The 
lower rate will be referred to as X and the higher rate will 
be referred to as 2X. In LC^g and laboratory experiments these 
rates corresponded to approximately 0.05 g and 0.025 g of 
nitrogen per 100 g of soil for the 2X and X rates, 
respectively. Fresh cow manure was obtained from the Iowa 
State University dairy herd in Ankeny, lA, and compost, 
"Fertilife, Compost and Manure", was purchased from Hyponex 
(Marysville, OH). Urea (45-0-0) was obtained commercially as 
fine granules from Alleman Coop, (Slater, lA). For LCJQ and 
laboratory experiments, fresh manure and composted manure were 
oven dried at approximately 38°C and ground to a particle size 
of 2 mm in a Wiley mill (Arthur Thomas Co., Philadelphia). 
Composted manure, fresh manure, and soil were analyzed for 
nutrients, soil texture, and organic matter content (Table 1). 
Mortality of the greater wax moth, Galleria mellonella (L.), 
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was used to measure virulence of Steinernema carpocapsae. 
Because G. mellonella is highly susceptible host of 
Steinernema spp. it is used extensively in bioassays. Larval 
mortality was considered nematode induced if the dead larvae 
exhibited the characteristic tan-brown coloration that results 
from infection by Steinernema spp. The Steinernema 
carpocapsae (All strain) used in this study were originally 
obtained from Biosys (Palo Alto, CA) and cultured in the last 
instar of G. mellonella (Poinar 1979) . 
LCJ QS experiments 
Bioassays were conducted in plastic petri dishes (150 X 25 
mm) with eight nematode density levels and eight repetitions 
per treatment. One hundred grams of soil-fertilizer mixture 
(or unfertilized soil for the control) were placed in each 
petri dish. Soil moisture was standardized gravimetrically at 
approximately field capacity as determined by a pressure plate 
apparatus (Table 2). One day after water was added, nematodes 
were individually counted under a dissecting microscope and 
transferred to the petri dishes in 1 ml of distilled water. 
For all treatments except the 2X rate of fresh manure, the 
eight nematode densities ranged from 0 to 105, in increments 
of 15. Because initial observations (Shapiro unpublished 
data) indicated that nematode virulence in the higher rate 
(2X) of fresh manure would probably be low relative to other 
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treatments, the eight nematode densities for this treatment 
ranged from 0 to 140 in increments of 20. Following addition 
of nematodes, 2 0 last instar G. mellonella were placed in each 
petri dish, and the petri dishes were then incubated at 27°C 
and 80% relative humidity. After 72 hours of incubation, 
nematode induced G. mellonella mortality was recorded. LCJQS 
were determined for each treatment (SAS 1985) and were 
considered significantly different if their 95% fiducial 
limits did not overlap (Fuxa 1987). Probit analysis was used 
to measure the virulence of S. carpocapsae in soil amended 
with each of the seven treatments. 
Laboratory experiments 
Two laboratory experiments were conducted in 1993 to 
determine the effects of fertilizers on virulence of S. 
carpocapsae. One experiment was conducted in soil obtained 
from the Iowa State University Research Farm in Ankeny, lA, 
and a second experiment was conducted in a 1:1 sand-soil mix 
prepared with soil from the Ankeny Research Farm. Soil 
characteristics before fertilizers were added (Table 1), and 
field capacity, pH, and organic matter of fertilized soil were 
recorded (Table 2). Both experiments were organized in 
randomized block designs with repeated measures and four 
replications of the previously described seven treatments. 
Experimental units consisted of 100 g of soil-fertilizer 
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mixtures placed in petri dishes (150 x 25mm), Moisture was 
standardized at approximately field capacity as described 
earlier, and 200 nematodes (in 0.9 ml distilled water) were 
applied to the soil in each petri dish, which was then 
incubated at approximately 27°C and 80% relative humidity 
until nematode virulence was evaluated. 
Virulence (indicated by mortality of G. mellonella) was 
evaluated one day post nematode inoculation and on a weekly 
basis thereafter for three weeks, and then biweekly for an 
additional four weeks. If however, no G. mellonella mortality 
was detected in one of the treatments then that observation 
date was used the endpoint. Each day that nematode virulence 
was evaluated, one petri dish from each treatment and each 
replication was randomly selected. Each selected petri dish 
received 20 last instar G. mellonella. The petri dishes were 
incubated for an additional 72 hours at which time the number 
of larvae killed by nematodes in each petri dish was recorded. 
Larval mortality was considered nematode induced if the 
cadavers exhibited the characteristic tan coloration and 
flaccidity associated with Steinernema infections (Woodring 
and Kaya 1988). If the signs of nematode infection were 
dubious then the cadaver was placed on a white trap (White 
1927) to confirm nematode presence. 
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Field experiments 
Field experiments, organized as randomized block designs 
with repeated measures, were conducted in 1992 and 1993. The 
experiments were conducted in a corn field in Ankeny, lA. 
There were four replications and seven (previously described) 
treatments resulting in 28 plots (2 x 3 m) in each experiment. 
Blocks were separated by 1.5 m alleys. Field corn (Jacques 
2103) was planted in rows approximately 61 cm apart with 25 cm 
between each plant. 
In each plot, seven polyvinyl chloride pipes (19.5 x 7.5 cm 
diam) were placed approximately 18 cm below the soil surface 
and filled with field soil. The same fertilizer treatment was 
applied to the soil in each of the seven pipes and mixed to a 
depth of approximately 10 cm. To create a similar fertilizer 
level around the pipes, fertilizers were also mixed into the 
soil surrounding the pipes at rates equal to that inside the 
pipes. 
Nematodes were applied to soil (in pipes) ten days after 
corn was planted (May 21, 1992 and May 26, 1993). With the 
use of a 5-cc disposable syringe and a 21G needle, 1000 
nematodes suspended in 4 ml of water were injected into the 
soil of each pipe to a depth of approximately 3 cm. The 
syringes were then washed with 5 ml of water, which was 
expelled onto the soil surface in the pipes. 
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In 1992, nematode virulence was evaluated on a weekly basis 
for up to seven weeks or until zero activity was detected in 
one of the treatments. Because rapid loss of nematode 
virulence was observed in 1992, the inter-vals between 
virulence evaluations were shortened to five days in 1993. On 
each day designated for evaluation of nematode virulence, one 
pipe was randomly selected from each plot and was removed 
without disturbing the soil inside. Twenty last instar G. 
mellonella were added to the soil surface in each of the 
selected pipes, which were then incubated at 80% relative 
humidity and 27°C for 72 hours. Following incubation, 
nematode induced larval mortality was recorded. 
Treatment differences in all laboratory and field 
experiments were determined through analysis of variance on 
mean larval mortalities (of the 20 larvae per petri dish). If 
significant differences were detected in the analysis of 
variance, then comparisons were made among means using the 
Bonferonni test. The Bonferonni test, unlike the least 
significant difference (LSD) can control experiment-wise error 
for any set of contrasts or other hypothesis tests (SAS 1985). 
RESULTS 
LCJQ experiments 
Dose mortality relationships indicated a rapid loss of 
nematode virulence in soil amended with the 2X rate of fresh 
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manure (Table 3). All other treatments had no effect on the 
virulence of S. carpocapsae relative to the control (Table 3). 
Laboratory experiments 
Laboratory experiments also indicated a rapid loss in 
nematode virulence in fresh manure treatments. Nematode 
induced larval mortality, resulting from G. meHone11a placed 
in petri dishes one day post-inoculation of nematodes, was 
reduced in fresh manure treatments relative to other 
treatments (Fig. 15c2) . Mean larval mortality (one day post-
inoculation) was 2.5 and 13.0 in sand-soil mixes amended with 
2X and X rates of fresh manure, respectively; these means were 
significantly different from each other and from the mean 
larval mortalities in all other treatments which ranged from 
18.0 to 20.0 (Fig. 1). In soil without sand added, mean 
larval mortality one day pi was 13.0 in the 2X rate of fresh 
manure treatment which was significantly less than mortality 
in all other treatments which ranged from 18.0 to 19.8 (Fig. 
2 )  .  
Chronic effects of fertilizers on S. carpocapsae in soils 
without sand added indicated significantly decreased nematode 
virulence in urea and fresh manure treatments relative to soil 
with no amendment or soil amended with composted manure (Table 
4). Nematode virulence in soil amended with composted manure 
was not significantly different than virulence in soil with no 
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amendment (Table 4). In soil with sand added 2X rates of 
fresh manure caused significantly greater loss of virulence 
than 2X rates of urea (Table 4). Deleterious effects of 
fertilizers on nematode virulence were more rapid in soil with 
sand added than in soil with normal levels of organic matter; 
no larval mortality was detected in one of the treatments 
after two weeks in sand-soil mixes and after six weeks in soil 
without sand added (Fig. 1&2). 
Field experiments 
In 1992, no significant differences were observed in 
nematode virulence averaged over the study period (Table 5). 
In 1993, overall nematode virulence was significantly less in 
soil amended with fresh manure than in all other treatments 
(Table 5), 
DISCUSSION 
Results indicated that fresh cow manure and urea may reduce 
the virulence of S. carpocapsae. that composted manure is not 
hainnful to S. carpocapsae. and that nematode virulence is 
generally more reduced in soil amended with fresh manure than 
in soil amended with urea. The results of this study are 
consistent with previous studies that have indicated reduced 
survival of Steinernema camoca-psae in fresh manure (Mullens 
et al. 1987) and increased survival in compost (Ishibashi and 
Kondo 1986). No study has previously compared effects of 
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various fertilizers on entomopathogenic nematodes. To 
increase the probability of detecting effects on nematodes, 
fertilizer rates used in this study exceeded those used in 
many agricultural practices. Future research may determine if 
lower fertilizer rates affect entomopathogenic nematodes in a 
manner similar to the rates used in this study. 
Research on the relative effects of fertilizers on plant-
parasitic nematodes has yielded variable results, depending 
upon the nematode species studied (Rodriguez-Kabana 1986) . 
For example, organic amendments had greater nematicidal 
effects than urea on the plant-parasitic nematode Pratvlenchus 
penetrans (Walker 1969), and manure had greater toxic effects 
than a synthetic (NPK) fertilizer on Rotvlenchus robustus 
(Simons 1973) and Meloidoovne arenaria (Kaplan and Noe 1993). 
The survival of Tvlenchorhvnchus dubius, however, was 
significantly greater in manured soil than in soil amended 
with chemical fertilizers (Simons 1973). Future research may 
ascertain if the effects of fertilizers on entomopathogenic 
nematodes is also species specific. 
Fertilizers may reduce nematode population densities for 
several reasons: the fertilizers, or their decomposition 
products, may be directly toxic to nematodes; an increase in 
biotic activity (as a result of fertilizer application) may 
increase predation and parasitism on nematodes by microbes and 
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raesofauna; or fertilizers may reduce nematode survival by-
altering the physical or chemical environment of the soil 
(Kaplan and Noe 1993). No controlled experiments were 
conducted in this study to delineate the causes of reduced 
virulence in nematodes. Therefore, no definite conclusions 
can be drawn in this regard. Any, or all, of these factors 
may have contributed to reductions in nematode virulence in 
this study. However, results from this study indicate certain 
factors may have been more important than others in reducing 
nematode virulence. For example, it is unlikely that the 
observed differences in pH among fertilizer treatments (Table 
2) were sufficient to cause reduced nematode virulence (Kung 
et al. 1990) . 
The most interesting result was the greater and more rapid 
loss of nematode virulence observed in soil amended with fresh 
manure relative to soil amended with urea. This trend was 
observed in the determination of LCggS and in the laboratory 
experiments. Additionally, under field conditions, only fresh 
manure caused reduced nematode virulence relative to soil with 
no amendment. The loss in virulence observed in manured soil 
probably was too rapid to have been caused by increased 
predation (Werner and Dindal 1990). In addition, it is 
unlikely that direct toxicity from nitrogen compounds caused 
the differences observed in fertilizer effects because if so. 
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urea would have caused a greater loss of virulence relative to 
other treatments since nitrogen compounds are more readily 
available in urea than in organic amendments (Simpson 1986). 
Studies on plant-parasitic nematodes have indicated that the 
nematicidal effects of urea are weak and slow relative to 
other synthetic fertilizers such as anhydrous ammonia 
(Rodriguez-Kabana 1986). Future research may determine if 
synthetic fertilizers other than urea are more toxic than 
fresh manure to entomopathogenic nematodes. 
A plausible hypothesis is that processes during 
decomposition of fresh manure caused a greater loss in 
nematode virulence in manured soils relative to other 
treatments. Decomposition may reduce oxygen availability 
(Simpson 1986) or release substances that are toxic to 
nematodes (Kaplan and Noe 1993). Reduced survival of S. 
carpocapsae may be caused by decreased oxygen levels in the 
soil (Kung et al. 1990). This hypothesis is further supported 
by our data because composted manure, which is already mostly 
decomposed, did not cause a reduction in nematode virulence. 
CONCLUSION 
For biological control agents to be successful in insect 
pest suppression, agricultural practices that are most 
conducive to their efficacy must be determined. Georgis and 
Gaugler (1991) suggest that a lack of predictability prevents 
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entomopathogenic nematodes from reaching their potential as 
highly effective biological control agents. Precise 
characterization of factors affecting efficacy will aid in 
obtaining consistent results. Successful nematode 
applications may be hindered by adverse soil conditions (e.g. 
texture, moisture, temperature) or a poor choice of nematode 
species or strain (Georgis and Gaugler 1991). This study 
indicates that the efficacy of entomopathogenic nematodes may 
also be reduced if nematodes are applied at the same time as 
fresh manure or urea and that the influence of these 
fertilizers may be more pronounced in soil with reduced 
organic matter. Studies have been initiated to determine if 
fertilizers may reduce the ability of S. carpocapsae to 
control soil dwelling insects such as the black cutworm, 
Aarotis ipsilon (Shapiro unpublished data). 
ACKNOWLEDGEMENTS 
The authors thank M. Abbas, R.D. Gunnarson, and Sadja for 
technical assistance and J.J. Jackson and T.E. Loynachan for 
critical review of an earlier draft of this manuscript. This 
research was supported in part by the Leopold Center for 
Sustainable Agriculture Ames, lA, Grant 92-18. 
REFERENCES 
Debach, P. and Rosen D., 1991. Biological Control by Natural 
Enemies. Cambridge University Press, London, 440 pp. 
28 
Fuxa, J.R., 1987. Spodoptera fruaiperda susceptibility to 
nuclear polyhedrosis virus isolates with reference to insect 
migration. Environ. Entomol., 16: 218-223. 
Gaugler, R., 1981. Biological control potential of 
Neoaplectanid nematodes. J. Nematol., 13: 241-249. 
Gaugler, R., 1988. Ecological considerations in the biological 
control of soil-inhabiting insects with entomopathogenic 
nematodes. Agric. Ecosystems and Environ., 24: 351-360. 
Georgis, R. and Gaugler, R., 1991. Predictability in 
biological control using entomopathogenic nematodes. J. 
Econ. Entomol., 84: 713-720. 
Ishibashi, N. and Kondo, E., 1986. Steinernema feltiae 
(DD-13 6) and S. glaseri persistence in soil and bark compost 
and their influence on native nematodes. J. Nematol., 18: 
310-316. 
Kaya, H.K., 1990. Soil ecology. In: R. Gaugler and H.K. Kaya 
(Editors), Entomopathogenic Nematodes in Biological Control. 
CRC Press, Boca Raton, FL pp 93-111. 
29 
Kaplan, M. and Noe, J.P., 1993. Effects of chicken-excrement 
amendments on Meloidocrvne arenaria. J. Nematol. , 25: 71-77. 
Kung, S.P, Gaugler, R. and Kaya, H.K., 1990. Influence of soil 
pH and oxygen on persistence of Steinernema spp. J. 
Nematol., 22: 440-445. 
Linford, M.B., Yap, F. and Oliveira, J.M., 1938. Reduction of 
soil populations of the root-knot nematode during 
decomposition of organic matter. Soil Sci., 45: 127-141. 
Mullens, B.A., Meyer, J.A. and Georgis, R., 1987. Field tests 
of insect-parasitic nematodes (Rhabditida: Steinernematidae, 
Heterorhabditidae) against larvae of manure-breeding flies 
(Diptera: Muscidae) on caged-layer poultry facilities. J. 
Econ. Entomol., SO: 438-442. 
Muller, R. and Gooch, P.S., 1982. Organic amendments in 
nematode control. An examination of the literature. 
Nematropica, 12: 319-326. 
Opperman, M.H., Wood, M., Harris, P.J. and Cherrett, C.P., 
1993. Nematode and nitrate dynamics in soils treated with 
cattle slurry. Soil Biol. Biochem., 25:19-24. 
30 
Poinar, G.O., 1979. Nematodes for biological control of 
insects. CRC, Boca Raton, FL, 277pp. 
Rodriguez-Kabana, R., 1986. Organic and inorganic amendments 
to soil as nematode suppressants. J. Nematol., 18: 129-135. 
SAS, 1985. SAS Users Guide: Version 5 ed. SAS Institute, Gary, 
NC. 
Simons, W.R., 1973. Nematode survival in relation to soil 
moisture. Meded. Landbouwhogesch. Wageningen., 73 (3) : 1-85. 
Simpson, K., 1986. Fertilizers and Manures. Longman, London, 
254 pp. 
Walker, J.T., 1969. Pratvlenchus penetrans (Cobb) populations 
as influenced by microorganisms and soil amendments. J. 
Nematol., 1: 260-264 
Werner, M.R. and Dindal, D.L., 1990. Effects of conversion to 
organic agricultural practices on soil biota. Am. J. 
Alternative Agric., 5: 24-32. 
31 
White, G.F. 1927. A method for obtaining infective nematode 
larvae from cultures. Science, 65: 302-303. 
Woodring, J.L. and Kaya, H.K., 1988. Steinernematid and 
Heterorhabditid nematodes: A handbook of biology and 
techniques. Southern Cooperative Series Bulletin 331., 
Arkansas Agricultural Experiment Station, Fayetteville, 3 0 
pp. 
32 
TABLE 1 
Characteristics of soils and organic amendments 
Source"" N P K OM T 
Cow manure 1992 1.2 0 .3 0.7 51 .0 -
Cow manure 1993 1.4 0 .4 
00 o
 43 .0 -
Compost 1992 1.1 0 .2 0.7 53 .0 -
Compost 1993 1.4 0 .2 0.6 49 .0 -
Soil^ 0.4 0 .0007 0.012 5 .0 18 :62 :20 
Sand-soil mix^ 0.2 0 .0004 0.017 3 .3 52 :35 :13 
^N= total Kjeldahl nitrogen. P= phosphorus analyzed by the 
Bray method in soil and by perchloric acid digestion in manure 
and compost. K= exchangeable potassium in soils, or total 
potassium analyzed by perchloric acid digestion in manure and 
compost. OM = Organic matter analyzed by dry combustion in the 
soils and by acid digestion in the manure and compost. T= 
texture (sand:silt:clay). All characteristics are presented as 
percent dry matter content. 
This soil was used in all field and laboratory experiments 
and in determination of LC-.-s. 3 DU 
This soil was used only in laboratory experiments. 
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TABLE 2 
pH, field capacity (FC), and organic matter (OM) of soil 
treatments 
Treatment^ 
Sand--soil mix Soil 
EM FC OM^ pH FC OM 
C2X 7.7 22 4.3 7.6 35 7.1 
CX 7.7 18 4.7 7.6 35 5.7 
M2X 7.9 19 6.7 7.7 33 9.1 
MX 7.8 17 5.4 7.7 33 6.9 
U2X 7.7 16 3.0 7.6 34 4.9 
UX 7.7 16 3.1 7.6 34 4.8 
0 7.6 16 3.3 7.5 34 5.0 
^C= composted manure; M= fresh manure; U= urea; 0= no 
amendment; X and 2X correspond to nitrogen rates of 
approximately 280 and 580 Kg/Ha, respectively. 
^FC= percent soil moisture estimated to be field capacity (-
0.33 bars); 0M= organic matter analyzed by acid digestion. 
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TABLE 3 
Effects of fertilizers on the LCgg^ of Steinernema carpocapsae 
against G. mellonella 
Treatment^ 
^50 
29 .4 
Fiducial Limits(95%) Slooe Intercept 
C2X 25.5 - 32.9 1.9 -2.7 
CX 29.3 27.4 - 34.4 2.0 -3.0 • 
M2X 102 .1 88.1 - 123 .2 1.3 -2.5 
MX 28 .4 24.5 - 31.9 2.0 -2.9 
U2X 30 .2 28.4 - 35.6 1.9 -2.1 
UX 26 . 0 22.7 - 29.0 2.1 -3.0 
0 31.0 26.9 - 33 .3 2.2 -3.3 
^LC50 represents the number of nematodes required to kill 1/2 
of the test larvae (20). 
^C=composted manure; M= fresh manure; U=urea, 0=no amendment; 
X and 2X correspond to nitrogen rates of approximately 280 and 
580 Kg/Ha, respectively. 
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TABLE 4 
Nematode induced mortality of G. mellonella^ in laboratory 
experiments 
Treatment Soil^ Sand-soil mix^ 
C2X 13 . Oa 17. la 
CX 12. 6a 16. 8a 
M2X 3. Id 0. 9c 
MX 7. 4bc 6.3b 
U2X 5. led 8.7b 
UX 7.9b 8 .7b 
0 11.8a 17.9a 
^From twenty last instar G. mellonella that were placed in 
petri dishes with 100 g of soil-fertilizer mixtures: C= 
composted manure; M= fresh manure; U= urea; 0= no amendment; X 
and 2X correspond to nitrogen rates of approximately 280 and 
580 Kg/Ha, respectively. Petri dishes were incubated at 
approximately 27° C and 80% relative humidity. Numbers in each 
column with different letters are significantly different (P < 
0.05) . 
^Numbers represent average mortality of four repetitions for 
weekly observations during 6 weeks. No sand was added to this 
soil. 
^Numbers represent average mortality of four repetitions for 
weekly observations during 2 weeks. This medium was a 1:1 
sand-soil mix. 
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TABLE 5 
Nematode induced mortality of G. mellonella^ in field 
experiments 1992 and 1993 (Ankeny, lA) 
Treatment 1992^ 1993^ 
C2X 6.9a 9 .4a 
CX 6.9a 9.7a 
M2X 2 . 8a 6.7b 
MX 6. 3a 6.7b 
U2X 4. 8a 9 .7a 
UX 7.4a 9.8a 
0 7.9a 10 .8a 
^ From twenty last instar G. mellonella that were placed in 
pvc pipes with soil-fertilizer mixtures: C= composted manure; 
M= fresh manure; U= urea; 0= no amendment; X and 2X correspond 
to nitrogen rates of approximately 280 and 580 Kg/Ha, 
respectively. Numbers in each column with different letters 
are significantly different (P <0.05). 
^Numbers represent average mortality of four repetitions for 
weekly observations during 3 weeks. 
^Numbers represent average mortality of four repetitions for 
observations made every five days for 30 days. 
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Number of dead G. mellonella 
20 30 40 
Days post infection 
C2X CX M2X MX U2X UX 
Fig. 1. Mean mortality of G. mellonella larvae induced by S. 
caiTDocapsae in a 1:1 sand-soil mix. Twenty last instar G. 
mellonella were placed in petri dishes with 100 g of soil-
fertilizer mixtures: C= composted manure; M= fresh manure; U= 
urea; 0= no amendment; X and 2X correspond to nitrogen rates 
of approximately 280 and 580 Kg/Ha, respectively. There were 
four repetitions per treatment. 
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Number of dead G. tneiioneHa 
20 30 40 
Days post infection 
C2X CX -^M2X MX U2X UX 
Fig. 2. Mean mortality of G. mellonella larvae induced by S. 
carpocapsae in unmodified soil. Twenty last instar G. 
mellonella were placed in petri dishes with 100 g of soil-
fertilizer mixtures: C= composted manure; M= fresh manure; U= 
urea; 0= no amendment; X and 2X correspond to nitrogen rates 
of approximately 280 and 580 Kg/Ha, respectively. There were 
four repetitions per treatment. 
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CHAPTER 3: THE EFFECTS OF FERTILIZERS ON BLACK CUTWORM, 
AGROTIS IPSILON. (LEPIDOPTERA; NOCTUIDAE) 
SUPPRESSION BY STEINERMEMA CARPOCAPSAE 
(RHABDITIDA: STEINERNEMATIDAE) 
To be Submitted to Environmental Entomology-
David I. Shapiro^ and Leslie C. Lewis^ 
ABSTRACT 
Field efficacy of Steinernema carpocapsae (Weiser), All 
strain, against the black cutworm, Aarotis ipsilon (Hufnagel) 
was determined in soil amended with three fertilizers: fresh 
cow manure, composted manure, and urea. Relative to soil 
without nematodes or fertilizer, significantly less A. ipsilon 
damage was obseorved in all soils receiving nematodes except in 
soil amended with a high rate of fresh manure. An average of 
52 and 41 percent of corn seedlings were cut in plots that did 
not receive nematodes or fertilizers, and plots with nematodes 
and a high rate of fresh manure, respectively. In all other 
plots averages for cut plants were below 14 percent. The 
method used in this study to fertilizer effects on S. 
^Department of Entomology, Iowa State University, Ames, lA 
50011. 
^USDA-ARS, Corn Insects Research Unit, Ames, lA 50011 
RUNNING HEAD 
Shapiro and Lewis, Fertilizer affects on A. ipsilon control by 
S. carpocapsae 
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carpocapsae (analysis of cut plants) can be used to measure 
other abiotic and biotic influences on entomopathogenic 
nematodes. 
KEY WORDS 
entomopathogenic nematodes, soil amendments, biological 
control, black cutworm, Aarotis ipsilon. Steinernema 
carpocapsae 
INTRODUCTION 
The black cutworm, Aarotis ipsilon (Hufnagel) is a pest of 
seedling corn in Iowa and other Corn Belt States (Engelken et 
al. 1990). Early instars feed on leaves of corn or weeds 
until the fourth instar when they cause economic damage by 
severing corn seedlings at the base (Showers et al. 1983). 
Chemical rescue treatments continue to be the recommended 
method of control for A. ipsilon (Holscher et al. 1993). 
Because chemical insecticides may cause harm to humans and the 
environment (Debach and Rosen 1991) alternative control 
methods must be investigated. 
Entomopathogenic nematodes are promising biological control 
agents of the A. ipsilon (Capinera et al. 1988; Levine and 
Oloumi-Sadeghi 1992). Several entomopathogenic nematodes 
including Steinernema carpocapsae (Weiser), S. feltiae 
(Filipjev), and Heterorhabditis bacteriophora Poinar, are 
pathogenic to the A. ipsilon (Morris et al. 1990). Laboratory 
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assays indicate that S. carpocansae. All strain, is 
particularly virulent against A. ipsilon (Morris et al. 1990). 
A lack of predictability has prevented entomopathogenic 
nematodes from reaching their potential as highly effective 
biological control agents (Georgis and Gaugler 1991). 
Therefore factors which influence the efficacy (ability to 
suppress insect populations) of nematode applications must be 
determined. Nematode efficacy may be affected by various soil 
characteristics such as moisture and texture (Kaya 1990) . 
Nitrogen compounds are known to have nematicidal effects on 
plant parasitic nematodes (Rodriguez-Kabana 1986). Therefore 
fertilizers have been extensively studied for their abilities 
to control economically important nematode pests. Research on 
the effects of fertilizers on entomopathogenic nematodes, 
however, has been extremely restricted. Shapiro et al. 
(unpublished data) reported that fresh cow manure and urea may 
reduce nematode virulence. The extent to which this reduced 
virulence may result in increased crop damage has not been 
determined. The objective of this study was to determine the 
effects of different fertilizers on the ability of S. 
carpocansae to suppress the A. ipsilon. 
MATERIALS AND METHODS 
Research to determine fertilizer effects on control of 
Aqrotis ipsilon by Steinernema caroocapsae was conducted on 
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the Iowa State University Research Farm in Ankeny Iowa. 
Aarotis ipsilon larvae, reared on pinto bean diet (Reese at 
al. 1972), were obtained from the USDA-ARS Corn Insects 
Research Unit, Ames, lA. Nematodes, S. cairpocapsae. All 
strain, were originally obtained from Biosys (Palo Alto, CA) 
and reproduced in last instars of the greater wax moth, 
Galleria mellonella (L.) (Dutky et al. 1962). Fresh manure 
(less than 24 hours old) was obtained from the Iowa State 
University dairy herd in Ankeny, lA. Compost, "Fertilife, 
Compost and Manure" was produced by Hyponex Co. (Marysville 
OH). Total Kjeldahl nitrogen was estimated to be 1.4% (dry) 
for both compost and fresh manure. Organic matter (determined 
by acid digestion) was approximately 43% and 49% (dry) for 
manure and compost, respectively. Soil texture was estimated 
to be 18:62:20 (sand:silt relay), and soil pH was approximately 
7.5. 
Procedures used to evaluate the effects of fertilizers on 
the ability of S. carpocapsae to control the A. ipsilon were 
adapted from Capinera et al. (1988). The experiment was 
organized as a randomized block design with four blocks and 
eight treatments resulting in 32 experimental units. 
Experimental units consisted of field plots, 0.4 x 0.55 m, 
that were hand planted with hybrid field corn (Jacques 2103). 
Corn was planted July 29 (Julian date 209) 1993 in 2 rows of 
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10 seeds each with 20 cm between the rows and 5 cm between 
seeds. The six fertilizer treatments were two rates of: fresh 
cow manure, composted manure, and urea. Total nitrogen in the 
two fertilizer rates was standardized to approximately 280 
Kg/ha (hereafter referred to as the X rate) and 560 kg/ha 
(hereafter referred to as the 2X rate). Two controls were 
established: one with nematodes but no fertilizer, and one 
without fertilizer and nematodes. One day prior to planting, 
fertilizers were applied to plots and mixed to a depth of 
approximately 6 cm (soil in control plots was also mixed but 
no fertilizer was applied). 
When corn reached first leaf stage (Ritchie et al. 1986) 
nematodes and A. ipsilon were added to the plots. Nematodes 
were applied at a rate of approximately 1.25 x 10®/m^. 
Approximately 1350 nematodes were applied (in the rows) about 
5 cm from the location that each seed had been planted 
(regardless of whether or not the seedling had emerged). 
Nematodes were poured from polystyrene containers onto the 
soil surface in 4 ml of distilled water. The containers were 
then rinsed with an additional 3 ml of distilled water which 
was poured onto the site of nematode application. Following 
nematode application 10 fourth-instar A. ipsilon were added to 
the center of each plot. To prevent escape of A. ipsilon, the 
seedling beds were surrounded by 15 cm high aluminum barriers 
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which were sunk to a depth of approximately 7 cm. Petroleum 
jelly was applied to the upper 3 cm of the steel barriers and 
all plots were covered with fiber glass netting to prevent 
bird predation. 
Damage from A. ipsilon was evaluated 10 days after 
nematode/black cutworm inoculation. Differences in treatments 
were determined by analysis of variance of mean percent cut 
plants in each plot (Capinera et al. 1988). If a significant 
treatment effect was found through analysis of variance, then 
means were compared using the Bonferonni test. The Bonferonni 
test, unlike the least significant difference (LSD), can 
control experiment-wise error for any set of contrasts (SAS 
1985) . 
RESULTS 
Except in plots with high rates of fresh manure, damage from 
A. ipsilon was significantly greater in plots without 
nematodes than in plots with nematodes (Fig 1). Nematode 
suppression of A. ipsilon was not significantly affected by 
fertilizer application except in soil amended with 2X rates of 
fresh manure (Fig 1). 
An average of 52 and 41 percent of corn plants were cut in 
plots without nematodes and in plots with a 2X rate of fresh 
manure, respectively. Average cut plants in other nematode 
treatments ranged from 0 percent in plots with no fertilizer 
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to 14 percent in plots with a high rate of urea. 
DISCUSSION 
Although S. carpocapsae is highly virulent against A. 
ipsilon in laboratory studies (Morris et al. 1990), results in 
the field have not been consistent. Capinera et al. (1988) 
reported that application of S. carDocapsae, Mexican strain, 
did not significantly reduce black cutworm damage. Levine and 
Oloumi-Sadeghi (1992), however, observed that suppression of 
A. ipsilon by S. carpocapsae. All strain, was significantly 
greater than the control treatment, and was not significantly 
different than chemical treatments. In this study, unless 
nematodes were applied in soil amended with a high rate of 
manure, black cutworm damage was significantly reduced with 
the application of S. carpocapsae. All strain. Levine and 
Oloumi-Sadeghi (1992) attributed the efficacy observed in 
cutvjorm control to a superior strain, decreased nematode rate, 
and increased irrigation relative to the study of Capinera et 
al. (1988). Steinernema carpocapsae. All strain, was 
determined to be significantly more virulent than the Mexican 
strain in laboratory studies (Morris et al. 1990). If the 
rates at which nematodes are applied are too high, then 
infectivity may be reduced due to clumping of nematodes and 
decreased host seeking (Hominick and Reid 1990). The nematode 
application rate in this study was approximately equal to the 
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most effective rate used by Levine and Oloumi-Sadeghi (1992) 
whereas the application rate use by Capinera et al. (1988) was 
four times greater. 
This study indicates that high rates of fresh cow manure may 
be deleterious to applications of entomopathogenic nematodes 
but composted manure and urea are not harmful. These results 
are consistent with previous studies on entomopathogenic 
nematodes. Nematodes were unable to control larvae of muscoid 
Diptera in chicken manure (Mullens et al. 1987), but bark 
compost increased survival of S. carpocapsae (Ishibashi and 
Kondo 1986). Whereas laboratory studies indicated reduced 
virulence of S. carpocapsae in soil amended with urea or fresh 
manure, field studies indicated that only manure treatments 
reduced nematode virulence (Shapiro et al. unpublished data). 
Studies on plant parasitic nematodes indicated that the 
nematicidal effects of urea were weaker than the effects of 
other synthetic fertilizers such as anhydrous ammonia 
(Rodriguez-Kabana 1986). Future research may deteannine if 
synthetic nitrogen fertilizers other than urea reduce the 
efficacy of entomopathogenic nematodes. The rates of 
fertilizer used in this study exceed those used in most 
agricultural practices; more modest rates of manure would not 
likely have an effect on nematode efficacy. 
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The greater nematicidal effects observed in soil amended 
with fresh manure relative to other treatments may have been 
caused by processes during decomposition. Indeed, soil 
amended with composted manure, which was already mostly 
decomposed, did not cause reduced nematode efficacy. 
Decomposition of manure may reduce oxygen availability 
(Simpson 1986) and reduced oxygen levels in soil are 
detrimental to survival of S. carpocapsae (Kung et al. 1990). 
In addition decomposition of manure may release substances 
that are toxic to nematodes (Kaplan and Noe 1993) . 
If entomopathogenic nematodes are to be used effectively in 
a soil environment, then factors affecting their efficacy must 
be determined (Gaugler 1988). Previous investigations on 
factors affecting nematode efficacy have studied effects on 
nematodes directly, e.g., survival or dispersal (Kaya 1990). 
Although this methodology is essential in defining basic 
environmental influences on nematodes, it fails to determine 
at what levels these environmental influences result in 
measurable differences in crop injury. It is ultimately the 
level of crop injury that determines the efficacy of pest 
control applications. Economic injury levels (EIL) are 
directly related to crop injury (Pedigo and Higley 1992) . Our 
research has adapted an evaluation of black cutworm injury to 
compare the effects of different fertilizers on S. 
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carpocapsae. The recommended EIL for A. ipsilon larvae that 
are approximately one inch long is five percent cut plants 
(Holscher et al. 1993). This research indicates that S. 
carpocapsae has potential to suppress A. ipsilon below 
economic threshold levels and that fertilizers applied at low 
to moderate rates does not hinder nematode efficacy. Because 
of the ease in analysis (of mean percent cut plants) this 
approach may be helpful in measuring the influence of other 
biotic and abiotic factors in soil on the efficacy of 
entomopathogenic nematodes. 
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MX UX C2X 
treatments 
Mean % cut plants 
Figure 1. Mean percentage cut plants by black cutwoirm, Aarotis 
ipsilon. in fertilizer treatments: 0, no fertilizer; Z, no 
fertilizer and no nematodes; M, manure; C, compost; U, urea; X 
and 2X correspond to nitrogen rates of approximately 280 and 
560 Kg/Ha, respectively. Steinernema carpocapsae were applied 
at a rate of 1.25 x 10®/m^ in all treatments except Z. 
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CHAPTER 4; INTERACTIONS BETWEEN EARTHWORMS AND NEMATODES: 
ENHANCED DISPERSAL OF STEINERNEMA CARPOCAPSAE^ 
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Abstract: Dispersal of the nematode Steinernema carpocapsae 
(All strain), applied on the top or the bottom of soil 
columns, was tested in the presence or absence of two 
earthworm species, Lumbricus terrestris or Aporrectodea 
trapezoides. Nematode dispersal was estimated after a 2 week 
period with a bioassay against the greater wax moth, Galleria 
mellonella. Vertical dispersal of nematodes was increased in 
the presence of earthworms. When nematodes were placed on the 
surface of soil columns, significantly more nematodes 
dispersed to the lower half of the columns when either 
earthworm species was present than when earthworms were not 
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present. When nematodes were placed on the bottom of soil 
columns, significantly more nematodes dispersed to the upper 
half of the columns when L. terrestris was present than when 
A. trapezoides was present or in the absence of earthworms. 
Nematode dispersal may be enhanced by direct contact with the 
earthworms because they were found on the exterior and in the 
interior of earthworms. 
key words: earthworm, nematode dispersal, Steinernema 
carpocapsae, Steinernematidae 
The nematode Steinernema carpocapsae (Weiser) has good 
potential as a biological control agent of insects, especially 
in the soil environment (5). More than 90 percent of all 
insect pests spend part of their life cycle in soil (9). S. 
carpocapsae has a wide host range of more than 250 insects 
(15) . One of the characteristics of nematodes that make them 
attractive for use in biological control is their ability to 
seek out their hosts. However, a limited capacity for 
nematodes to disperse in their habitat has occasionally been 
cited as a hinderance to the success of certain biological 
control appljLcat3.ons (^, 12, IS) . Oenerally, cax'oocapsae 
will disperse very little from the site of application in soil 
(7, 13). Movement that does occur is affected by soil 
moisture (18), soil texture, and presence or absence of hosts 
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(7) . 
Earthworms improve soil by modification of soil structure, 
aeration, and drainage, and by breaking down and distributing 
organic matter (3). The ability of earthworms to change soil 
structure and move large amounts of soil (10) indicates that 
nematode movement may increase in the presence of earthworms. 
Furthermore, entomopathogenic nematodes have been found to 
have no deleterious effects on earthworms (2, 14) . The 
present study was conducted to determine the effects of 
earthworms on vertical migration of entomopathogenic 
nematodes. 
MATERIALS AND METHODS 
Vertical dispersal of nematodes in the presence or absence 
of earthworms was tested in soil columns over a 2-week period. 
Steinernema carr>ocaT3sae (All strain) was obtained from Biosys, 
Palo Alto, California, and reproduced in the last instar of 
the greater wax moth, Galleria mellonella (L.). Earthworms, 
Lumbricus terrestris (L.) and Aiporrectodea traipezoides 
(Duges), were obtained from the National Soil Tilth 
Laboratory, Ames, Iowa. Both species were from colonies that 
were reared on partly decomposed horse manure (1). Soil 
columns were constructed by joining six 4-cm-long sections of 
5-cm diam. polyvinyl chloride (PVC) pipe and filling them with 
soil (34% sand, 28% silt, and 3 8% clay) to a bulk density of 
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approximately 1.2 g/cm^. Soil moisture was standardized to 
field capacity in each column. The soil columns received one 
of three treatments: the addition of two earthworms, L. 
terrestris or A. trapezoides. or no earthworms. All 
treatments were applied to soil columns testing both upward 
and downward movement with three replications (soil columns) 
for each treatment-direction combination (18 pipes total). 
Earthworms were allowed to tunnel for 1 week before nematodes 
were added to each column. Soil columns were incubated at 
21°C and approximately 92% relative humidity. 
To test downward movement, 1.0 x 10^ nematodes were applied 
in 0.1 ml water to the surface of each soil column. S. 
carpocapsae tends to move upward (7, 13, 17), therefore, to 
encourage downward migration of nematodes, two wax moth larvae 
(hereafter referred to as "bait larvae") were enclosed in 
cloth mesh and placed on the bottom end of each column. After 
14 days the soil columns were dismantled. The bait larvae in 
each column were checked for mortality, and the soil from, each 
4 cm-long section of PVC pipe was removed and placed in a 
plastic petri dish (150 X 25 mm) with 20 fresh G. mellonella 
larvae (hereafter referred to.as "assay larvae"). The petri 
dishes were placed at 27°C and approximately 60% relative 
humidity for 3 days after which, mortality of assay larvae was 
recorded. Differences in mortality of assay larvae were used 
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to indicate differences in numbers of nematodes. 
To test upward movement, 1.0 x 10'* nematodes in 0.1 ml water 
were applied to soil on the bottom end of the column and 
allowed to migrate for 2 weeks, after which the columns were 
dismantled and soil from each section was exposed to assay 
larvae as described previously. 
The experiments testing upward and downward migration of 
nematodes were completely randomized designs with repeated 
measures. Statistical differences in nematode movement among 
treatments were determined by doing an analysis of variance on 
the numbers of dead larvae infected from soil in the bottom 
three sections of columns testing downward movement, and in 
the top three sections of columns testing upward movement. 
The numbers of dead larvae, caused by nematodes that migrated 
to the most distant three sections of the columns, were then 
compared among the treatments using contrasts. 
RESULTS 
Steinernema carpocapsae moved significantly farther downward 
when either L. terrestris or A. trapezoides were present than 
when no earthworms were present. The numbers of assay larvae 
killed when exposed to soil from column sections from the 
lower half of the pipes were significantly greater when 
earthworms were present than when they were not (Table 1), 
indicating that the nematodes moved farther downward with 
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earthworms present. Bait larvae were always infected with 
nematodes after 2 weeks when earthworms were present but never 
infected when earthworms were absent. 
Nematodes moved further upward when earthworms were present 
than when no earthworms were present. The number of assay-
larvae killed by nematodes when exposed to soil from column 
sections in the upper half of the columns, was significantly 
greater when L. terrestris was present than when either A. 
trapezoides was present, or when no earthworms were present 
(Table 1). Nematodes were detected in the opposite-most 
section of the columns when earthwoirms were present but not 
when earthworms were not present (Table 1). 
DISCUSSION 
More of the nematodes associated with L. terrestris moved up 
compared with those associated with A. trapezoides. The 
differences in nematode distributions in the soil columns may 
be caused by differences in earthworm behavior. Channels 
produced by L. terrestris are vertically oriented, whereas A. 
trapezoides generally produces horizontally oriented burrows 
(11). It may be expected that A. trapezoides would be most 
suitable in enhancing nematode dispersal horizontally. If 
earthworms were incorporated into biological control 
applications to enhance nematode dispersal, the species of 
earthworm used would need to be considered. 
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Increased dispersal of S. carpocapsae may have been due to 
direct or indirect effects of earthworms. Dispersal of S. 
carpocapsae may have been increased directly by transportation 
of the nematodes on the surfaces of earthworms, or inside 
earthworms. Some evidence of this phenomenon was observed in 
this study. Several earthworms (five A. trapezoides and three 
L. terrestris) were examined after exposure to S. carpocapsae 
in soil columns. Live nematodes were found in dissected 
earthworms, in earthworm casts, and in the debris washed from 
the earthworms. Mortality was observed in G. mellonella 
larvae exposed to nematodes isolated from dissected earthworms 
but, nematodes were not observed to reproduce and emerge. 
Nematodes found in the casts and debris of earthworms were 
able to infect and reproduce in larvae of the G. mellonella. 
Although positive identification of S. carpocapsae was not 
made, the nematodes did cause mortality in the G. mellonella 
larvae characteristic of nematodes in the family 
Steinernematidae (eg. typical coloration). Therefore, these 
observations suggest that earthworms may serve as phoretic 
hosts of S. carpocapsae. Phoresy of entomopathogenic 
nematodes has been observed on nematophagous mites (4). S, 
carpocapsae (Breton strain) avoided predation by bridging onto 
the dorsum of mites, and were able to leave the mites to 
infect and reproduce in prepupae of G. mellonella (4). 
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Phoresy may have adaptive value for entomopathogenic nematodes 
by allowing them to disperse further than they could on their 
own energy (8). 
Another hypothesis is that S. camocapsae dispersal may have 
been increased indirectly. Nematode dispersal is affected by 
soil moisture, structure, and texture (18). For example, the 
dispersal of S. carpocapsae is greater in soils with coarser 
textures than in soils with high clay contents (7). Soil 
texture, moisture, and structure is altered by earthworm 
burrowing (11). Therefore nematode dispersal may be different 
in earthworm burrows than soil void of earthworms. Further 
research will be required to test this hypothesis, and to 
determine what benefits an enhanced capacity for nematodes to 
disperse in the presence of earthworms may offer to biological 
control applications. 
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Table 1. 
Number of dead Galleria mellonella (assay) larvae in soil columns containing 
soil with no earthworms, Lumbricus terrestris. or Aporrectodea trapezoides. 
Upward dispersal Downward dispersal 
Depth (cm) Ltt At 0 Lt At 0 
0-4 3.0 1.7 0 10.3 15.0 15.7 
4-8 11.0 5.3 1.3 17.7 19.7 19.7 
8-12 14.0 11.0 9.0 18.3 19.3 20.0 
12-16 17.3 16 .7 13 . 0 18.3 19.3 11.3 
16-20 19.6 13.3 13. 0 13.7 17. 0 5.3 
20-24 19.3 20.0 19.3 0.3 2.7 0.3 
mt 9.3b 6. Oa 3 . 4a 10 . 7b 13 .Ob 5. 6a 
b§ 6.0 6.0 0 
Steinernema carpocapsae were introduced 24 cm below the soil surface in the 
upward dispersal experiment, and on the soil surface in the downward dispersal 
experiment. Twenty G. mellonella larvae were exposed to soil removed from column 
sections two weeks after nematodes were introduced. G. mellonella mortality 
indicates relative nematode densities. 
I Lt = Lumbricus terrestrisAt = Aporrectodea trapezoides; 0 = no earthworms, 
i m = average mortality of assay larvae in the bottom three sections in downward 
dispersal and top three sections in upward dispersal experiments. Means followed 
by the same letter are not significantly different. 
§ b = total mortality of (bait larvae) G. mellonella placed at 20-24 cm in each 
column. 
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CHAPTER 5: EFFECTS OF EARTHWORMS ON THE DISPERSAL OF 
STEINERNEMA SPPJ 
To be submitted to The Journal of Nematology 
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Abstract; Vertical dispersal of Steinernema carpocapsae. S. 
feltiae. and S. glaseri was tested in soil columns with and 
without earthworms (Lumbricus terrestris) present. Dispersal 
was evaluated using two methods: a bioassay, and direct 
extraction of nematodes from soil. Upward dispersal of S. 
carpocapsae and S. feltiae increased in the presence of 
earthworms. Upward dispersal of S. alaseri. however,was not 
significantly affected by earthworm presence. No significant 
differences were detected in downward dispersal of S. 
cairpocapsae and S. feltiae in soil with earthworms relative to 
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soil without earthworms. Downward dispersal of S. glaseri. 
however, was significantly greater in soil without earthworms 
relative to soil with earthworms. In soil void of earthworms, 
dispersal of S. glaseri was greatest followed by dispersal of 
S. carpocapsae. In soil with earthworms present, dispersal of 
S. carpocapsae was not significantly different than dispersal 
of S. glaseri. The presence of earthworm burrows (with 
earthworms removed) in soil did not significantly influence 
nematode dispersal relative to soil without burrows. 
Key words: earthworm, nematode dispersal, Steinernema spp. 
Entomopathogenic nematodes in the genus Steinernema have 
many promising attributes as biological control agents 
including wide host ranges, safety to non-target organisms and 
a mutualism with bacteria Xenorhabdus spp. which enable them 
to rapidly kill their hosts (14). Despite the great potential 
as biological control agents, results of nematode applications 
have been inconsistent (10). Biotic and abiotic factors which 
influence the efficacy of nematode applications must be 
investigated (7). 
Increased dispersal may increase the efficacy of nematodes 
in biological control (8). Adverse environmental conditions 
can decrease nematode mobility thereby decreasing their 
effectiveness (7). Factors which may affect nematode 
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dispersal include host presence, temperature, soil texture and 
soil moisture (13). 
Dispersal characteristics vary among Steinernema spp. 
Steinernema carpocapsae (Weiser) moves little from the site of 
application, whereas S. glaseri (Steiner) is a relatively 
active disperser (17) . For example, S. cairpocapsae applied to 
the surface of vertical soil columns remained within the upper 
15 cm after a 30 day period, but S. glaseri was recovered 90 
cm below the application point (17). Because of these 
differences in dispersal behavior, S. carpocapsae is 
classified an ambusher strategist and S. glaseri is classified 
a cruiser strategist (14). The dispersal behavior of S. 
feltiae (Filipjev) is considered intermediate between S. 
carpocapsae and S. glaseri (1). Differences in dispersal 
strategy may be important in determining which nematode 
species to use against pests occupying different niches in 
soil habitats (15). 
Interactions with other invertebrates in soil may increase 
nematode dispersal (13). For example, a phoretic relationship 
was observed between nematophagous mites and S. carpocapsae 
(5). Shapiro et al. (18) reported increased dispersal of S. 
carpocapsae in the presence of earthworms. Earthworms are not 
adversely affected by entomopathogenic nematodes (3,16). 
Therefore, the association between S. carpocapsae and 
69 
earthworms in the soil may be capable of exploitation to 
increase the efficacy of S. carpocapsae as a biological 
control agent. The influence of earthworms on the dispersal 
of species other than S. carpocapsae spp. and the mechanism(s) 
of how earthworms affect nematode dispersal have not been 
examined. Because of differences in dispersal strategies, the 
effects of earthworms on dispersal may vary among nematode 
species. Shapiro et al. (18) suggested two hypotheses 
relating to the earthworm - nematode relationship: the 
nematodes are dispersed by direct contact with earthworms and, 
or nematode disperse at different rates in earthworm burrows 
than in soil without burrows. The objective of this research 
was to determine the effects of earthworms on dispersal of S. 
carpocapsae. S. alaseri. and S. feltiae and to determine how 
earthworms influence dispersal. 
MATERIALS AIJC METHODS 
The effects of earthworm presence on upward and downward 
dispersal were determined for three nematode species in 
vertical soil columns. Steinernema carpocapsae. All strain, 
S. alaseri. NC strain, and S. feltiae. strain 27, were 
originally obtained from Biosys (Palo Alto, CA) and reared in 
last instars of the greater wax moth, Galleria mellone11a 
(L.). The experiments were organized as randomized block 
designs with depth as a repeated measure. Experimental units 
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were polyvinyl chloride (PVC) pipe consisting of six 
4-cm-long sections of 5 cm diam. pipe joined with duct tape 
and filled with soil (34% sand, 28% silt, and 38% clay). Soil 
moisture in columns was adjusted to approximately field 
capacity. The column sections were numbered vertically with 
the top section being numbered one and the bottom section 
being numbered six. 
Six treatments (the three nematode species with and without 
earthworms) were each applied to eight soil columns for upward 
movement and eight columns for downward movement (96 columns 
total). Two earthworms, Lumbricus terrestris (L.), obtained 
from the USDA-ARS National Soil Tilth Laboratory (Ames, lA) , 
were added to the appropriate columns and allowed to burrow 
for one week prior to nematode application. Ten thousand 
nematodes of each species were applied in 0.3-0.4 ml of 
distilled water to the bottom surface of section 6 for columns 
testing upward movement and to the top surface of section 1 
for downward movement. Soil columns were then incubated for 
14 days at approximately 21°C and 54% relative humidity at 
which time they were dismantled to evaluate nematode 
dispersal. 
Nematode dispersal was evaluated using two methods: a 
bioassay against G. mellonella larvae(18), and direct 
extraction and enumeration. Half of the soil columns were 
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allocated to each method of evaluation. For the bioassay, 
soil from each column section was placed in plastic petri 
dishes (150 x 25 mm) with 20 last instar G. mellonella. The 
petri dishes were incubated at approximately 27°C and 80% 
relative humidity for 72 hours at which time nematode induced 
larval mortality was recorded. In the second method, 
nematodes were directly extracted from the soil in each column 
section, separated using sucrose centrifugation, and 
quantified by microscopic observation (12). 
Analysis of nematode movement was accomplished by estimating 
the number of nematodes reaching the half of the column 
opposite to where the nematodes were placed (sections 1-3 for 
upward movement and 4-6 for downward movement). Data obtained 
through bioassay, was analyzed through ADTOVA on mean numbers 
of dead G. mellonella-larvae obtained from soil in the three 
sections opposite to where the nematodes were placed. Because 
differences in virulence against G. mellonella for the three 
nematode species was not determined, among species comparisons 
of dispersal could not be made using the bioassay method. For 
the direct extraction method, ANOVA was performed on the mean 
proportion of nematodes recovered from the half of the column 
opposite to where the nematodes were placed relative to the 
total number of nematodes recovered in the column. Using 
these proportions, extraction efficiency for each species was 
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not a factor and hence across species comparisons of dispersal 
could be made. If significant differences were found in the 
ANOVA then contrasts were used to compare nematode dispersal 
within species for the bioassay method, and within and among 
nematode species for the direct extraction method. 
To determine if nematode dispersal was greater in earthworm 
burrows than in soil without burrows, an additional experiment 
was conducted. Upward dispersal of S. cazpocapsae was 
determined in vertical soil columns in a design similar to the 
previous experiments. Soil columns and experimental 
conditions were as previously described. Three treatments 
consisted of columns with earthworms, columns with burrows 
only (earthworms removed), and columns with no earthworms or 
burrows. There were five repetitions per treatment (15 
columns total). Two earthworms (L. terrestris) were added to 
ten columns and allowed to burrow for one week after which 
five columns were dismantled. Earthworms were manually 
removed from the dismantled columns which were then 
reconstructed with the earthworm burrows realigned. 
Realignment was accomplished by drawing a straight vertical 
line on the columns prior to separation of the column 
sections. Ten thousand nematodes were then applied in 0.4 ml 
distilled water to each column which was then incubated for 
two weeks as previously described. Following incubation 
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nematode dispersal was estimated and analyzed using the 
bioassay method previously described. 
RESULTS 
The G. mellonella bioassay indicated increased upward 
dispersal of S. carpocapsae and S. feltiae in columns with 
earthworms relative to columns without earthworms (Tables 
1,6). No significant effects of earthworm presence were 
detected using the bioassay method to determine upward 
dispersal of S. glaseri (Tables 1,6). Results from the direct 
extraction method evaluating upward nematode dispersal 
followed the same trends as bioassay data but differences 
between earthworm presence and earthworm absence were not 
significant (Tables 2,6). Inter-specific comparisons made 
from direct extraction data indicated, in the absence of 
earthworms, upward dispersal of S. glaseri was greater than 
dispersal of S. carpocapsae and S. feltiae (Tables 2,6). In 
the presence of earthworms, dispersal of S. carpocapsae was 
not significantly different than that of S. glaseri. 
Downward nematode dispersal, evaluated through bioassay, 
indicated no significant effect of earthworms on dispersal for 
the three nematode species (Tables 3,6). Downward nematode 
dispersal evaluated through the direct extraction method 
indicated greater dispersal of S. glaseri in the absence of 
earthworms than in the presence of earthworms (Tables 4,6). 
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Across species comparisons indicated downward dispersal 
abilities in the absence of earthworms to be greatest in S. 
glaseri followed by S. carpocapsae. In the presence of 
earthworms, dispersal of S. glaseri and S. carpocapsae were 
each greater than dispersal of S. feltiae and were not 
significantly different from each other (Tables 4,6). 
Dispersal of S. carpocapsae was greater in columns with 
earthworms than in columns with earthworm burrows (earthworms 
removed) and columns without earthworms (Tables 5,6). 
Dispersal of S. cairpocapsae was not significantly different in 
columns with earthworm burrows compared to columns void of 
earthworms (Tables 5,6). 
DISCUSSION 
Upward dispersal of S. carpocapsae and S. feltiae was 
enhanced by the presence of the earthworm L. terrestris but 
downward dispersal of S. carpocapsae and S. feltiae was not 
affected by earthworm presence. In previous research downward 
dispersal of S. carpocapsae was significantly increased in the 
presence of L. terrestris (18). The reasons for discrepancy 
between previous results and results reported here are 
unknown. Upward dispersal of S. glaseri was not affected by 
earthworm presence but downward dispersal was increased when 
earthworms were absent. The causes for different effects of 
earthworms on upward and downward nematode dispersal in this 
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study is unclear. Perhaps if more repetitions had been added 
to the experiment, then consistent significant differences 
would have been found in upward and downward nematode 
dispersal experiments. Indeed, the trends observed in all 
experiments were consistent regardless of statistical 
significance. Alternatively, if a true phoretic relationship 
exists between the nematode species (S. carpocapsae and S. 
feltiae), then perhaps the nematodes tend to associate more 
with earthworms moving upward than with earthworms moving 
downward. Steinernema carpocapsae has a natural tendency to 
disperse upwards (9,17) and increased upward dispersal (but 
not downward dispersal) has been reported when S. carpocapsae 
was in the presence of Heterorhabditis bacteriophora Poinar, a 
nematode species with greater dispersal ability than S. 
car-pocapsae (1) . 
This research found the natural dispersal ability (in 
absence of earthworms) of S. qlaseri to be greater than the 
other two Steinernema species tested. This trend is 
consistent with previous studies confirming the dispersal 
behavior of S. qlaseri as a cruiser. Because of the natural 
dispersal ability of S. qlaseri. it is not surprising that the 
presence of earthworms would not enhance the nematode's 
dispersal. Perhaps the increased downward dispersal of S. 
qlaseri observed in soil without earthwo3rms relative to soil 
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with earthworms, may have been caused by earthworm burrows or 
earthworms obstructing the potential dispersal of the 
nematodes. 
Contrary to the study of Alatorre-Rosas and Kaya (1), in 
which the authors found dispersal ability of S. feltiae to be 
intermediate between S. alaseri and S. carpocapsae. this study 
found the dispersal of S. carpocapsae to be greater than that 
of S. feltiae. The disparity in results between the two 
studies may be due to differences in soil texture or, perhaps, 
nematode strain. Nematode dispersal may be affected by soil 
texture e.g. S. carpocapsae dispersal increases with increased 
soil particle size (9). The study of Alatorre-Rosas and Kaya 
(1) was conducted in sand whereas this research was conducted 
in soil (34% sand, 28% silt, and 38% clay). In both studies 
S. carpocapsae. All strain, was used but the strain of S. 
feltiae was not given in the report of Alatorre-Rosas and Kaya 
(1) . 
Because no significant difference in nematode dispersal was 
detected in soil with earthworm burrows relative to soil 
without burrows, the earthworms probably influenced dispersal 
of entomopathogenic nematodes through direct contact. It is 
possible that nematodes are carried on the exterior of the 
earthworms or that the nematodes are ingested by earthworms 
and deposited elsewhere in the casts. In previous studies 
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viable entoraopathogenic nematodes were isolated from the 
surface of earthworms and from their casts (18). 
Two methods were used to evaluate nematode dispersal in this 
study. In general evaluation of nematode dispersal through 
the bioassay method was more sensitive in finding significant 
differences than the direct extraction method. The bioassay 
method was also less labor intensive than the direct 
extraction method. The direct extraction method, however, had 
the advantage of being applicable to across species 
comparisons. Recent studies have found that using nematode 
invasion rates (LTgo) or efficiency of invasion (number of 
nematodes entering the host per unit time) to be very 
sensitive methods of evaluating nematode activity (6,11). 
Perhaps more differences among treatments would have been 
detected in this study by using invasion rate or efficiency to 
evaluate nematode dispersal. 
Enhanced dispersal of S. carpocapsae and S. feltiae in the 
presence of earthworms may improve the efficacy of these 
nematodes as biological control agents. The dispersal ability 
of S. carpocapsae has been reported to be very limited 
(1,9,17) but this research has established that, in the 
presence of earthworms, dispersal of S. carpocapsae is 
comparable to that of S. glaseri. Because host-finding is 
necessary for successful biological control with nematodes, 
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and increased dispersal will improve host-finding abilities 
(8), it is important to determine if increased earthworm 
population densities will provide benefits to biological 
control of insects with nematodes. Additionally, earthworms 
provide benefits to soil quality through aeration and by 
breaking down and distributing organic matter (4). Earthworm 
population densities can be increased through cultural 
practices (2). 
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Table 1. Number of dead Galleria mellonella larvae from soil columns testing 
upward nematode dispersal in the presence and absence of the earthworm, Lumbricus 
terrestris. 
section, depth (cm) 
S. carDocaDsae S. feltiae S. alaseri 
L+t L- L+ L- L+ L-
1. 0-4 13 .5 0.8 7. 3 2.8 12. 5 17 .3 
2. 4-8 13 . 8 6.3 7. 0 1.3 13 . 3 19 . 0 
3. 8-12 16.0 12.3 9. 3 1. 0 16. 0 18 , .3 
4. 12-16 13 .8 14.0 10. 8 2.5 19. 5 19. 8 
5. 16-20 15.5 17. 0 19. 0 14 . 0 19. 5 19, .3 
6. 20-24 19.4 20.0 19. 8 19.3 19. 0 20. 0 
mt = 14.6 6.4 7 . 8 1.7 13 . 9 18. ,2 
Numbers represent means of three replications. Nematodes were introduced 24 cm 
below the soil surface. Twenty G. mellonella larvae were exposed to soil removed 
from column sections two weeks after nematodes were introduced. G. mellonella 
mortality indicates relative nematode densities. 
tL+ = presence and L- = absence of the earthworm, L. terrestris. 
im = average mortality of larvae in the top three sections (1-3). 
Table 2. Number of nematodes recovered from soil columns testing upward nematode 
dispersal in the presence and absence of the earthworm, Lumbricus terrestris. 
S. carpocapsae S. feltiae S. alaseri 
section, depth (cm) L+f L- Ij+ L- L+ L-
1. I 
o
 28.0 0 3.5 0.5 74.0 222 . 0 
2. 4-8 22.8 0.5 6.0 0 213 . 5 525.0 
3 . 8-12 27, 0 9.0 10 . 5 5.0 427.5 614 .5 
4. 12-16 9.0 4.5 28.5 26.0 465 .0 530 . 5 
5. 16-20 34.5 52.5 123.0 48.0 . 904 . 5 550 . 5 
6. 20-24 515.0 77.5 807.5 478.0 304.0 803 . 0 
Pt 
= 18.0 7.1 2.7 0.7 29.5 37.5 
Numbers represent means of three replications. Nematodes were introduced 24 cm 
below the soil surface. 
tL+ = presence and L- = absence of the earthworm, L. terrestris. 
^p = mean percent of nematodes recovered from the top three sections (1-3) 
relative to the total number of nematodes recovered. 
Table 3. Number of dead Galleria mellonella larvae from soil columns testing 
downward nematode dispersal in the presence and absence of the earthworm, 
Lumbricus terrestris. 
S. carpocapsae S. feltiae S. alaseri 
section, depth (cm) L+t L- L+ L- L+ L-
1. 0-4 20.0 20.0 20.0 19.8 10.8 16.0 
2. 4-8 19.8 19.8 19.8 20 . 0 20 . 0 19 . 8 
3. 8-12 19.3 20 . 0 19.0 18 . 8 19.8 20 , 0 
4. 12-16 17.8 19.8 12 . 0 12.8 19.3 19.8 
5. 16-20 18 .3 19.3 10.8 1.5 16.3 19. 8 
6. 20-24 19.5 16 .3 4 . 5 0.8 16.3 19.5 
mi = 18.5 18.4 9.1 5.0 17.3 19.7 
Numbers represent means of three replications. Nematodes were introduced on the 
soil surface. Tv/enty G. mellonella larvae were exposed to soil removed from column 
sections two weeks after nematodes were introduced. G. mellonella mortality 
indicates relative nematode densities. 
tL+ = presence and L- = absence of the earthworm, L. terrestris. 
im = average mortality of larvae in the bottom three sections (4-6) . 
Table 4. Number of nematodes recovered from soil columns testing downward nematode 
movement in the presence and absence of the earthworm, Lumbricus terrestris. 
S. carpocapsae S. feltiae S. alaseri 
section, depth (cm) L+t L- L+ L- L+ L-
1. 0-4 83 . 5 249. 0 886.5 1115.0 47.0 207. 0 
2. 4-8 58.0 75. 0 659.5 737.0 1171.5 416. 0 
3. 8-12 36.5 46. 5 109 . 5 198 . 0 1082.0 970 . 5 
4. 12-16 15.0 49. 0 76.5 36.5 590.0 621. 0 
5. 16-20 33 . 0 43 . 0 30.5 3.0 170.0 325. 0 
6. 20-24 30 . 0 10 . 5 28.5 6.5 93 .5 167 . 5 
Pt = 31. 5 22 . 0 7.25 2.2 26 . 5 42. 3 
Numbers represent means of three replications. Nematodes were introduced to the 
soil surface. 
tL+ = presence and L- = absence of the earthworm, L. terrestris. 
jp = mean percent of nematodes recovered from the bottom three sections (4-6) 
relative to the total number of nematodes recovered. 
Table 5. Larval mortality from 
of S. carpocapsae in soil with 
and no earthwormsf• 
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soil testing upward dispersal 
earthworms, earthworm burrows 
Treatment 
section, depth (cm) L LO 0 
1 o H 3.4 0 0 
to
 1 00
 
5.2 0.2 0 
(N H 1 
CO ro 6.6 0 0 
4. 12-16 4.6 3.4 2.2 
5. 16-20 9.4 8.6 6.2 
6. 20-24 11.6 16.6 14 .4 
mt = 5.1 0.7 0 
Numbers represent means of three replications. Nematodes 
were introduced 24 cm below the soil surface. Twenty G. 
mellonella larvae were exposed to soil removed from column 
sections two weeks after nematodes were introduced. G. 
mellonella mortality indicates relative nematode densities. 
fL = presence of two L. terrestris. LO = burrows present 
with earthworms removed, 0 = no earthworms or burrows. |m = average mortality of larvae in the top three sections 
(1-3) . 
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Table 6 .  Contrast results (Pr > F)f from experiments testing 
nematode dispersal in the presence and absence of earthworms. 
Data shown in tables 1-5. 
Table 
contrasti 1 2 3 4 5 
CL vs CO 0. 003 0 .313 0 .972 0 .1462 
FL vs FO 0. 017 0 .846 0 .096 0 .430 
GL vs GO 0. 086 0 .4553 0 .309 0 . 023 
CL vs GL 0 .292 0 .433 
CO vs GO 0 .011 0 .005 
FL vs GL 0 .022 0 .007 
FO vs GO 0 .003 0 . 001 
FL vs CL 0 .164 0 .001 
FO vs CO 0 .547 0 .006 
L vs o
 
o
 
0 .001 
L vs LO 0 .001 
L vs 0 0 .001 
LO vs 0 0 .948 
7numbers represent probabilities of obtaining a greater F 
value than the one obtained in that contrast. Contrasts with 
probabilities less than 0.05 are statistically significant. 
I comparisons were made between mean mortalities of G. 
mellonella larvae in tables 1,3 and 5, and between the 
proportion of nematodes reaching the opposite half of soil 
columns in tables 2 and 4. C = S. carpocatDsae. F = S. feltiae, 
G = S. glaseri. L = presence of two L. terrestris, LO = 
burrows present with earthworms removed, 0 = no earthworms or 
burrows. 
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CHAPTER 6: CONCLUSIONS 
Although entomopathogenic nematodes have great potential as 
biological control agents their success has been limited by-
various factors. One major factor limiting the success of 
entomopathogenic nematodes in biological control is a lack of 
predictability. Delineation of factors which influence the 
efficacy of biological control applications with nematodes 
will aid in ensuring positive results. This research has 
examined the effects of fertilizers and earthworms on nematode 
virulence and dispersal, respectively. 
Fresh manure, and to a lesser extent, urea caused a decrease 
in nematode virulence. Therefore caution should be used when 
applying nematodes to soil that has recently been fertilized 
with fresh manure or urea. In order to stress the system high 
rates of fertilizers were used in this research. Future 
research may define at what level fertilisers are not harmful 
to entomopathogenic nematodes and whether fertilizers other 
than those investigated in this research are deleterious to 
entomopathogenic nematodes. In addition, further research 
will be necessary to determine the how fertilizers cause 
reduced virulence in entomopathogenic nematodes. 
Dispersal of Steinernema carpocapsae and S. feltiae 
increased in the presence of the earthworm Lumbricus 
terrestris. Enhanced nematode dispersal may lead to an 
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increase in efficacy in biological control applications. 
Future research may determine if increased earthworm 
population densities result in increased efficacy of 
entomopathogenic nematode applications. Research will also be 
necessary to further investigate the relationships between 
nematodes and earthworms in the soil e.g. how nematode 
dispersal is affected by earthworms and whether or not the 
organisms derive any direct benefits or disadvantages from the 
relationship. 
Evaluation of black cutworm damage may be used to determine 
the extent that environmental factors deter or enhance 
nematode efficacy. Analysis of the percentage cut plants by 
black cutworm larvae is advantageous relative to analyzing 
direct effects on nematodes because the labor requirements are 
minimal and because analysis of cut plants gives an indication 
of crop injury levels on which management decisions can be 
made. Use of this method indicated that high rates of fresh 
cow manure causes a decrease in the ability of S. carpocapsae 
to control the black cutworm. Similarly, evaluation of 
cutworm damage may be used to measure the influence of other 
biotic and abiotic factors (e.g. varying earthworm population 
levels, soil texture and moisture) on biological control by 
entomopathogenic nematodes. 
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This research suggests that increased earthvjorm populations 
and reduced fertilizer inputs may improve the probability of 
successful biological control applications with 
entomopathogenic nematodes. The likelihood that a proposed 
agricultural practice is adopted by growers will depend on how 
much change is required from existing practices and the 
perceived benefits of the suggested practice. Increasing 
earthworm populations and reducing fertilizer inputs are both 
practices that are consistent with sustainable agriculture. 
Earthwo3rm populations may be increased directly in small 
systems (such as greenhouses) or indirectly in larger agro-
ecosystems through reduced tillage and addition of organic 
matter. Earthworms provide benefits to soil fertility by 
improving soil structure, aeration, and breaking down and 
distributing organic matter. Reduced fertilizer inputs can 
decrease ground xvater and runoff problems and reduce overhead 
costs. Entomopathogenic nematodes can be applied using a 
variety of existing agricultural methods (e.g. broadcast, 
spray, and injection). The adoption of entomopathogenic 
nematodes as a pest management strategy will result in a 
reduction of chemical insecticide use and therefore reduce 
risk of harm to humans, other nontargets, and the environment. 
The outlook for eventual widespread employment of 
entomopathogenic nematodes is good. Entomopathogenic 
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nematodes in the genus Steinernema possess many promising 
attributes as biological control agents including wide host 
ranges, host seeking ability, the ability to kill their host 
rapidly, and relative safety to humans and the environment. 
Certain factors may represent significant barriers to applying 
entomopathogenic nematodes in diverse habitats. For example, 
a lack of desiccation tolerance has limited the employment of 
entomopathogenic nematodes against pests of foliage. These 
limiting factors may be surmountable through intensive species 
and strain selection and genetic improvement. Genetic 
improvement programs have been initiated to acquire nematodes 
with increased desiccation tolerance and with increased host-
finding capabilities. 
Another obstacle to widespread employment of 
entomopathogenic nematodes is cost. Because of a high 
production cost the use of entomopathogenic nematodes has been 
limited to small scale applications and applications in 
specialty markets (e. g. turf, nurseries, and greenhouses). 
Although significant progress has been made in production 
technology, further advances must be made in order for 
entomopathogenic nematodes to be employed for field crops. In 
making pest management decisions, however, the environmental 
costs as well as the direct cost to the grower must be 
considered before choosing a chemical insecticide over a 
biological control agent. 
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